In 150 infants, including those with breast milk jaundice, who were brought to our hospital for their 1-month check-ups, the serum concentrations of (ZZ)-bilirubin, its subfractions and biliverdin were measured by high-performance liquid chromatography and the relationships among them investigated. (ZZ)-Bilirubin was found to have the highest serum concentration, followed by (ZE)bilirubin, accounting for 14´0 (geometric mean) % of (ZZ)-bilirubin. Biliverdin had a serum concentration of 0´95% of (ZZ)-bilirubin. There was only a small amount of total (di-and mono-) glucuronosyl bilirubin, 0´42% of (ZZ)-bilirubin. (ZE)-Bilirubin, (EZ)-bilirubin, (EZ)-cyclobilirubin, biliverdin, diglucuronosyl bilirubin and monoglucuronosyl bilirubin (C-8 and C-12) showed positive logarithmic correlations with (ZZ)-bilirubin (R 2 =0´16 or above, P50´05). (ZE)-Bilirubin showed a signi®cant positive logarithmic correlation with (ZZ)-bilirubin (R 2 =0´863, P50´0001). Furthermore, (EZ)-cyclobilirubin, the most important photoisomer in phototherapy for neonatal hyperbilirubinaemia, was detected in very small amounts in approximately half of the neonates (84 of 150) when they were in conditions of only weak ambient light. The relationship between total glucuronosyl bilirubin and (ZZ)-bilirubin concentrations ®tted a model of saturation kinetics of bilirubin UDP-glucuronosyltransferase.
INTRODUCTION
It is well known 1,2 that (ZZ)-bilirubin is the main serum bilirubin fraction in infants, including those with breast milk jaundice, which may be a physiological neonatal state. There are three metabolic and excretory pathways of (ZZ)-bilirubin: glucuronide conjugation, photoisomerization and oxidation. The glucuronosyl compounds are monoglucuronosyl bilirubin (C-8), monoglucuronosyl bilirubin (C-12) and diglucuronosyl bilirubin. 3 Muraca et al. 4 reported that the serum unconjugated bilirubin level was inversely proportional to hepatic UDP-glucuronosyltransferase activity. The amount of glucuronosyl bilirubin present in liver would depend on the amount formed in the liver. We have already proved that the rate-limiting step of hepatic bilirubin metabolism is glucuronide conjugation. 5 The transport of unconjugated as well as of glucuronosyl bilirubins across the liver plasma membrane is a bidirectional process. Therefore, the total serum glucuronosyl bilirubin concentration/ serum (ZZ)-bilirubin concentration ratio depends on the hepatic UDP-glucuronosyl bilirubin activity. The main photoisomers are (ZE)-bilirubin and (EZ)-cyclobilirubin. 6 The clearance of (EZ)-cyclobilirubin into bile and urine was much higher than that of (ZE)bilirubin. 6, 7 In serum, the percentage of (ZE)bilirubin in total serum bilirubin concentration before phototherapy was approximately 10%, and, on average, increased over 1´5-fold at 2 h after the initiation of blue±white light phototherapy. 6 The percentage of the (EZ)-cyclobilirubin in the serum bilirubin was less than 1%. The oxidative products are methylvinylmaleimide, propentdyopents and biliverdin. 8 Another pathway of (ZZ)-bilirubin metabolism during the neonatal period is enterohepatic circulation, in which glucuronsyl bilirubins are deconjugated by b-glucuronidase in breast milk and in the small intestine, and reconversion from (ZE)-bilirubin in bile at body temperature. 9 We have investigated serum bilirubin metabolites in infants at their 1-month check-up who at this age have adapted to extrauterine life. The levels of (ZZ)-bilirubin and its metabolites in the sera of the infants were measured by highperformance liquid chromatography (HPLC) and the relationship between the levels of (ZZ)bilirubin and its metabolites was investigated, with the aim of elucidating the physiological and pathological bilirubin metabolism in neonates.
MATERIALS AND METHODS
The subjects were infants born in our hospital and brought to the Department of Pediatrics, Kagawa Medical University, for their 1-month check-ups during a period of 5 years and 5 months from September 1989 until March 1995. The mean gestational age was 39´7+1´1 weeks (range 37´1±41´6 weeks), and mean birthweight was 3244+371 g (range 2528±4342 g). We studied a total of 150 infants (65 boys and 85 girls) who received 1-month check-ups at 30´2+3´2 days (range 25±40 days) postnatally, excluding infants with neonatal asphyxia or infectious diseases and hyperbilirubinaemic infants who required treatment, such as those with obstructive or haemolytic jaundice. Those infants showing jaundice were all found to have socalled`breast milk jaundice' 10 as a result of feeding, as differentially diagnosed on the basis of prolonged jaundice and its disappearance within 2 months of birth. After obtaining informed consent from both parents, blood samples were taken at the time of hepaplastin tests to screen for vitamin K de®ciency. Samples were protected from light and stored at 7708C until analysis. HPLC methods used for the detection of bilirubin photoisomers and biliverdin were described in a previous report. 11 The previously reported HPLC method for detection of glucuronosyl bilirubins 3 was improved, and two NOVA-PAK C 18 cartridge columns (Waters Assoc, Milford MA, USA) were connected in series. For the transfer phase, 0´1 mol/L ammonium acetate buffer (pH 4´85) was used as the primary solvent and acetonitrile (HPLC grade, Wako, Osaka, Japan) as the secondary solvent, and elution was carried out by applying a gradient (Shimadzu LC-6AFG, Kyoto, Japan). This was set initially at 30% of the secondary solvent, then at 40% for 15 min and maintained at that concentration for 65 min. Flow velocity was 1 mL/min. Detection of (ZZ)-bilirubin, photoisomers and glucuronosyl bilirubins was carried out at 455 nm and that of biliverdin at 370 nm. Quanti®cation was done by absolute calibration of peak areas in the chromatogram using Shimadzu Chromatopac CR-3A (Kyoto, Japan), a recorder with calculator, and molar absorption values of 1´0 for (ZZ)-bilirubin, 0´81 for (ZE)-bilirubin, 0´54 for (EZ)-bilirubin, 0´47 for (EZ)-cyclobilirubin and 1´0 for glucuronosyl bilirubins. For sample preparation, serum, dimethylsulphoxide (JIS, Wako, Osaka, Japan) and acetonitrile (HPLC grade, Wako, Osaka, Japan) were mixed at a ratio of 1:1:1 (v/v) using a vortex mixer and, after centrifugation at 1000 g for 5 min, the supernatant [25±200 mL; volume determined by the total serum bilirubin concentration (capillary method)] was analysed by HPLC. The sensitivity limits of (ZZ)-bilirubin and its photoisomers, glucuronosyl bilirubin and biliverdin, were 0´006, 0´001 and 0´001 mmol/L, respectively. The relationship among (ZZ)-bilirubin, its subfraction and biliverdin were then analysed after the data were log-transformed, using StatView-J 4´5 (HULINKS, Tokyo, Japan) and DeltaGraph 4´0 (Japanese Polaroid Co., Tokyo, Japan).
RESULTS
The geometric mean concentrations of (ZZ)bilirubin, its subfractions and biliverdin in the infants are shown in Table 1 . No signi®cant gender differences were seen. (ZZ)-Bilirubin showed the highest serum concentration, followed in order by (ZE)-bilirubin, biliverdin, monoglucuronosyl bilirubin (C-8), monoglucuronosyl bilirubin (C-12), diglucuronosyl bilirubin, (EZ)-bilirubin and (EZ)-cyclobilirubin.
(ZZ)-Bilirubin concentration had signi®cant positive logarithmic correlations, with correlation coef®cients of 0´4 or above, with (ZE)-bilirubin, (EZ)-bilirubin, (EZ)-cyclobilirubin, biliverdin, diglucuronosyl bilirubin and monoglucuronosyl bilirubin (C-8 and C-12). The highest positive logarithmic correlation (R 2 =0´863, P50´0001), was obtained between (ZZ)-bilirubin and (ZE)bilirubin ( Fig. 1) . (ZZ)-Bilirubin concentration also had signi®cant positive logarithmic correlations with concentrations of monoglucuronosyl bilirubin (C-8) (R 2 =0´555, P50´0001) and monoglucuronosyl bilirubin (C-12) (R 2 =0´526, P50´0001), respectively. A signi®cant positive logarithmic correlation was also found between the concentration of (ZZ)-bilirubin and total glucuronosyl bilirubin (R 2 =0´563, P50´0001), which is the sum of diglucuronosyl and monoglucuronosyl bilirubin (C-8 and C-12). The correlation coef®cient between (ZZ)-bilirubin and total glucuronosyl bilirubin/(ZZ)-bilirubin was 70´518 (P50´0001). These correlations proved to be consistent with uniform saturation kinetics of bilirubin UDP-glucuronosyltransferase activity, as shown by Y=V max 6X/(K m +X) where X represents (ZZ)-bilirubin concentration, Y total glucuronosyl bilirubin concentration, V max the maximum reaction velocity, and K m the Michaelis constant (Fig. 2) . The correlation coef®cient obtained by Michaelis±Menten kinetics (R 2 =0´592, P50´0001) was higher than that obtained by linear regression (R 2 =0´563, P50´0001). Also, a positive correlation was found between (ZZ)-bilirubin and biliverdin (R 2 =0´313, P50´0001) (Fig. 3) .
DISCUSSION
(ZZ)-Bilirubin was found to have the highest geometric mean concentration, followed by (ZE)-bilirubin, in infants, including those with breast milk jaundice undergoing 1-month checkups. (ZE)-Bilirubin, which amounted to 14´0% of (ZZ)-bilirubin, showed a signi®cant correlation with (ZZ)-bilirubin. The reason for this might be that (ZE)-bilirubin, a geometric photoisomer of (ZZ)-bilirubin, is generated in the skin of infants by weak ambient light; the (ZE)-bilirubin/(ZZ)-bilirubin ratio is determined by the wavelength of irradiating light. 12, 13 Our (ZE)-bilirubin/(ZZ)-bilirubin ratio is comparable to that reported by McDonagh. 14 concentration of (EZ)-cyclobilirubin was 0´00982% of (ZZ)-bilirubin. The formation of (EZ)-cyclobilirubin depends on the photon energy dose, 15 and (EZ)-cyclobilirubin can be produced in vitro by irradiation with weak ambient light over a long period of time. 16 In fact, there were many infants (84 of 150) in the present study in whom (EZ)-cyclobilirubin was detected with our highly sensitive HPLC method, despite the known ability of infants to excrete (EZ)-cyclobilirubin into bile and urine. 6, 17 In a study by Rosenthal et al., 18 in which the serum bilirubin fraction was measured by alkaline methanolysis and HPLC, 19 the most abundant conjugated bilirubins in neonates were monoconjugated bilirubin (C-8), followed by monoconjugated bilirubin (C-12); diconjugated bilirubin existed in the lowest concentration. Our results were similar, but the concentrations of individual conjugates and the amount of total glucuronosyl bilirubin ± 0´32% of (ZZ)-bilirubin obtained in the present study ± were lower than those reported by Rosenthal et al. 18 This is probably because native glucuronosyl bilirubins, excluding the other conjugated bilirubins, were measured by our HPLC method. A positive correlation was observed between (ZZ)-bilirubin concentration and total glucuronosyl bilirubin concentration in the sera of infants. We showed that the correlation may ®t saturation kinetics between (ZZ)-bilirubin concentration and total glucuronosyl bilirubin concentration. The same relationship between the serum concentration of unconjugated bilirubin and esteri®ed bilirubin was reported in patients with Gilbert's syndrome. 4 Our result (Fig. 2) suggests that in breast milk jaundice there is not only a bilirubin load due to enterohepatic circulation, as reported by Gartner et al., 20 but also, we propose, the presence of substances in breast milk that inhibit hepatic bilirubin UDPglucuronosyltransferase activity. 21 Other factors that may in¯uence these relationships are developmental differences in the activity of this enzyme among infants 5 and the possible occurrence of a Gly71Arg mutation in the bilirubin UDP-glucuronosyltransferase gene in Japanese neonates. 22, 23 This mutation has been found to have a high frequency in patients with Gilbert's syndrome in Japan. 24 The concentration of biliverdin accounted for 0´95% of (ZZ)-bilirubin. Serum biliverdin is formed by the action of haem oxygenase from haem, as well as by oxidation of bilirubin. We speculate that serum biliverdin concentration may not be an index of in vivo production of reactive oxygen species, because a signi®cantly positive relationship was maintained between serum (ZZ)-bilirubin and serum biliverdin concentrations in pathological and/or adaptive neonatal states. 25 
